In this study, a modified disk-shaped multiple-output piezoelectric transformer operated at the fundamental radial vibration mode has been presented. A derived equivalent circuit for the multioutput piezoelectric transformer was used to analyze the performance. Two piezoelectric transformers, a symmetrically electroded piezoelectric transformer with dual outputs and an asymmetrically electroded piezoelectric transformer with triple outputs, were fabricated with lead zirconate titanate piezoelectric ceramics. The characteristics of the two piezoelectric transformers were investigated experimentally. The piezoelectric transformer with multiple outputs has potential to be used in power supply units and other electronic circuits.
I. INTRODUCTION
Piezoelectric transducers have shown great promise as actuators and sensors because they are inexpensive, space efficient, lightweight, easily fabricated, and easily mounted on a variety of surfaces. With the development of fine ceramic technology, piezoelectric materials have been used for power devices, such as piezoelectric transformers and ultrasonic motors. A piezoelectric transformer is a device that transforms an ac voltage or current by the piezoelectric effect at electromechanical resonance frequency. Compared with an electromagnetic transformer, it has the following favorable characteristics: ease to be miniaturized with a large power to volume ratio; electromagnetic-noise-free; nonflammable because it has no windings; higher working frequency. Since the invention of the Rosen-type piezoelectric transformer, 1 many other types of piezoelectric transformer have been proposed and developed, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] and some of them have been used in practice. In general, piezoelectric transformers are grouped into two classes: the first class ͑step-up transformer͒ has a voltage gain ͑=ratio of output voltage to input voltage͒ higher than one with a high output voltage of more than several hundred volts, mainly employed to power cold cathode fluorescent lamps for liquid crystal displays; 2 the second class ͑step-down transformer͒, with a voltage gain lower than 1 and a low output voltage of several volts, may be used as ac/dc and dc/dc adapters for power supplies. 6 However, almost all these piezoelectric transformers are designed with a single output. In many applications, for example, power supplies for portable equipment, the transformers with multiple outputs and small dimensions are needed to supply electric power to different parts in a system. This leads to a demand for piezoelectric transformers that can manage electric power and have several different outputs. In this study, to widen the application range of piezoelectric transformers, modified disk-shaped piezoelectric ceramic transformers with dual or triple outputs were presented. The disk-shaped piezoelectric transformers were firstly proposed by Uchino's and co-workers for ac/dc and dc/dc adapter applications. [15] [16] [17] [18] [19] [20] [21] The design of the structure of the transformer is simple and stable. It operates at the fundamental radial vibration mode. The input and output electrodes were isolated from each other by insulating gaps. The input and output sections of the transformer were polarized along a thickness direction. Since the input and output sections have the same polarization direction, it is not easy to cause internal cracks during the electric poling process. 17,22,23 a͒ Author to whom correspondence should be addressed; Electronic mail: gmsoneគcn@hotmail.com Figure 1 shows the construction of the piezoelectric transformers with dual outputs ͓Fig. 1͑a͔͒ and triple outputs ͓Fig. 1͑b͔͒. The input and output electrodes are placed on the top surface of the ceramic. The inner disk electrode serves as input terminal, while the outer electrodes are output terminals. The bottom electrode ͑ground electrode͒, which is extended to the whole bottom surface of the disk, is common to both the input and output sections.
II. EXPERIMENTAL PROCEDURES
The active ceramic phase was lead zircodnate titanate ͑PZT͒ fabricated using PKI 802 PZT powder with a high mechanical quality factor ͑Q m Ͼ 900͒. A PZT ceramic disk of radius R 1 = 19.4 mm and thickness t = 1.9 mm was fabricated by dry pressing and sintered at 1325°C for 2 h. Silver slurry was screen printed on the ceramic disk and fired to form the patterned electrodes ͓Fig. 1͑a͔͒. The sample with dual outputs ͑PT-A͒ was poled in silicone oil along the thickness direction by applying a dc field of 6 kV/ mm at 120°C for 30 min. Table I shows the dimensional specifications of fabricated piezoelectric transformers in this study. The measured properties of the PZT ceramics are shown in Table II .
Impedance properties of the piezoelectric transformer were measured as a function of frequency using an impedance analyzer ͑Agilent 4294A͒. The characteristics of the piezoelectric transformer under the variable load resistance were investigated using the experimental setup, as shown in Fig. 2 . The piezoelectric transformer was driven by an ac signal generated by a function generator ͑AFG310, SONY Tektronix͒ and a high speed power amplifier ͑NF 4025, NF Corp.͒. In high-power experiments, a high-frequency electromagnetic transformer was used to amplify the voltage from the power amplifier. In Fig. 2 , R L1 , R L2 , and R L3 are pure resistors. The voltage, current, and power of the input and output parts were measured by using digital oscilloscopes. The temperature rise of the transformer was measured by an infrared thermometer ͑KEYENCE IT2-50͒ about 10 min after applying the input voltage. After the characterization of the piezoelectric transformer with dual outputs ͑PT-A͒, a piezoelectric transformer ͑PT-B͒ with triple outputs was fabricated by dividing the electrode of the first output of PT-A into two parts ͑ = 120°͒ as shown in Fig. 1͑b͒ . The performance of PT-B was also evaluated with similar way as mentioned above.
III. RESULTS AND DISCUSSION

A. Equivalent circuit and its parameters
A multiterminal piezoelectric plate can be analyzed by tensor Green's function operations, Fourier-eigenmode expansions, and circuit-theory manipulations. Based on those analyses, the electrical equivalent circuit of the multioutput piezoelectric transformer can be derived in the vicinity of the resonance point. [24] [25] [26] The equivalent circuit of the dualoutput piezoelectric transformer is shown in Fig. 3͑a͒ , it can be further simplified as shown in Fig. 3͑b͒ , in which
, and R m = R m0 / A input 2 are the equivalent inductance, capacitance, and resistance, respectively; C d,input , C d,out1 , and C d,out2 are the clamped capacitances of the input, output 1, and output 2, respectively. The turn ratio of the ideal transformer N 1 and N 2 can be calculated by
where A input , A out1 , and A out2 are the force factors of the input, output 1, and output 2, respectively. The plate is driven into radial vibration by the application of an ac voltage. The differential equation for radial motion of the disk is
where u r is the radial component of displacement and
The pertinent constitutive equations are
where Assuming the voltage applied to the input terminals of the disk-shaped piezoelectric transformer PT-A is Ve it . The steady-state forced vibrational solution of Eq. ͑2͒ may be written in the form
where J 1 is the Bessel function of the first kind and first order, and
From Eq. ͑5͒, the input current is
where
From Eq. ͑9͒, the motional current I m shown in Fig. 3͑b͒ is
The total kinetic energy of the disk is
The resonance frequencies are given by the roots of the transcendental equation
where J 0 is the Bessel function of the first kind and zero order, and
is planar Poisson's ratio. At resonance frequency of the fundamental radial vibration mode r , the energy L m I m 2 / 2 stored in the equivalent inductance is equal to the total kinetic energy ͑output parts are short circuited͒. So we get
͑15͒
By the same method, we have
The turn ratios are
The equivalent capacitance is
The equivalent resistance can be calculated by 
125103-
The calculated equivalent circuit parameters of PT-A are shown in Table III . The dimensions in Table I , and the material properties in Table II , are taken for calculation. The voltage gain of the transformer can be derived by transferring the output side of the equivalent circuit to the input side and analyzing the circuit:
For the triple-output piezoelectric transformer PT-B as shown in Fig. 1͑b͒ , the equivalent inductances of outputs 1 and 2 are
The calculated results are also shown in Table III . Based on the results, the impedance characteristics, voltage gain, and efficiency of the piezoelectric transformer can be calculated.
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B. PT-A with dual outputs
The symmetrically electroded piezoelectric transformer, PT-A, is expected to have good resonance state free from any spurious vibration mode. The measured impedance spectra of the input part of PT-A are shown in Fig. 4 . The equivalent circuit parameters of the input impedance of PT-A were measured using an impedance analyzer, the results are shown in Table IV . The impedance spectra of output parts ͑not shown here͒ were also measured and the equivalent circuit parameters are listed in Table IV . During the measurement, each part was tested under the condition that the other parts were short circuited, so that an equivalent circuit of the dualoutput piezoelectric transformer connected with load resistances can be obtained ͓Fig. 3͑b͔͒. 9, 24 The measured turn ratios N 1 and N 2 of PT-A at the fundamental radial vibration mode are 1.12 and 1.70, respectively. It shows that the theoretical results are in agreement with the experimental ones.
It is known that the efficiency of a piezoelectric transformer attains a maximum value when the load resistance is equal to 1 / C d,output , where C d,output is the clamped capacitance of the output part. 9 This load is called the matching load. For PT-A, matching loads are R L1 = 1.3 k⍀, R L2 = 1.1 k⍀. Figure 5 shows the frequency dependence of the voltage gain and the efficiency of PT-A with the matching loads. During the measurement, the input voltage was 50 V pp , the temperature rise of the piezoelectric transformer was below 5°C. The voltage gains of the output 1 and the output 2 simultaneously attain their maximum values of 1.17 and 0.69, respectively, at 62.7 kHz. A maximum efficiency of 98% was obtained at 63.6 kHz. In the frequency range of 61.9-64.9 kHz, the efficiency was higher than 90%. Figure 6 shows the load resistance dependence of the maximum voltage gain of PT-A. Here, the maximum voltage gain means the maximum value of an output with respect to the driving frequency. During the measurements, the tested output part was connected with a variable resistor, while the TABLE III. Calculated equivalent circuit parameters of the piezoelectric transformer, PT-A and PT-B. other output part was matching loaded. It is seen that the maximum voltage gains of the two output parts increase with the load resistance. When the load resistances are 0.1 and 100 k⍀, the maximum voltage gains of the output 1 are 0.32 and 4.41, respectively, and for the output 2, the maximum voltage gains are 0.13 and 1.29, respectively. To investigate the effect of the load of one output on the voltage gains of the other outputs, the relationship between the voltage gain of the output 1 ͑or 2͒ and the operating frequency was measured for PT-A when its output 2 ͑or 1͒ was short circuited, open circuited, and matching loaded, respectively. As shown in Fig. 7 , the voltage gain of one output is affected by the load of the other output. The maximum voltage gain of one output and its corresponding frequency change with the load of the other output. The equivalent circuit shown in Fig. 3 can be used to explain these characteristics ͑the simulated results are not shown here͒. Since transformers with constant voltage gains are preferred in practical applications, the interaction of loads between the output parts should be considered.
The relationship among the maximum output power, temperature rise, and input voltage of PT-A at the fundamental radial vibration mode with matching loads is shown in Fig. 8 . The maximum output power is defined as the maximum value of the output power with respect to the driving frequency for a given input voltage. The temperature rise of the transformer was measured at the inner annular gap where no electrode exists and the temperature is the highest. It is seen that a maximum output power of 17.2 W ͑P out1 = 12.1 W, P out2 = 5.1 W͒ can be obtained with a temperature rise of 12°C at an input voltage of 300 V pp .
C. PT-B with triple outputs
The output 1 and the output 2 of PT-B with matching loads are expected to have identical output voltages. The ratio of the output power of output 1 to that of output 2 is expected as
The measured impedance spectra of the input part of PT-B are shown in Fig. 9 . The resonance and antiresonance responses of the fundamental radial vibration mode are clear. A spurious vibration mode at frequency about 63.3 kHz may be due to the asymmetrical electrode patterns of outputs 1 and 2. The equivalent circuit parameters of the input and output parts of PT-B are listed in Table IV . The measured turn ratios N 1 , N 2 , and N 3 of PT-B at the fundamental radial vibration mode are 1.69, 3.30, and 1.72, respectively. The matching loads are R L1 = 1.9 k⍀, R L2 = 3.7 k⍀, R L3 = 1.1 k⍀. Figure 10 shows the frequency dependence of voltage gain of PT-B with the matching loads. The voltage gains of the outputs 1, 2, and 3 simultaneously attain their maximum values of 1.14, 1.13, and 0.72, respectively at 62.8 kHz.
The relationship between the maximum output power, temperature rise, and input voltage of PT-B at the fundamental radial vibration mode with the matching loads is shown in Fig. 11 . A maximum output power of 16.7 W ͑P out1 = 7.7 W, As shown in the experimental results, the voltage gains of the piezoelectric transformer with multiple outputs depend on the driving frequency, load resistances, piezoelectric material properties, and dimensions of the electrodes. In addition, by making the input and/or output portions into multilayer structures, the voltage gains of the piezoelectric transformer can be easily tuned. The equivalent circuit ͑e.g., Fig. 3 for dual-output piezoelectric transformer͒ related to material coefficients and dimension parameters of electrodes can be used to simulate the performance of the piezoelectric transformer in low power conditions. Numerical analysis based on finite-element method is also useful for handling the complicated geometry of real device structures and electrode patterns. The power-to-volume ratio is important for reducing the size of power supply units. When driven under high fields, heat generation in the piezoelectric transformer may be the most important keypoint of structural degradation or even failure. To increase the power-to-volume ratio, a good design of structure and excellent piezoelectric ceramics with high-power density is needed. rise of 13°C at an input voltage of 300 V pp . The piezoelectric transformer with multiple outputs has potential to be used in power supply units and other electronic circuits.
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